ABSTRACT OBJECTIVES This study compared the diagnostic performance with adenosine-derived fractional flow reserve (FFR) #0.8 of contrast-based FFR (cFFR), resting distal pressure (Pd)/aortic pressure (Pa), and the instantaneous wavefree ratio (iFR).
D
iagnostic accuracy can be thought of as a pyramid (Figure 1) . At the base of the pyramid, useless tests provide an accuracy of 50%, no better than an unbiased coin flip; at the pinnacle, a gold standard reaches 100% accuracy; and in between these extremes, we find the vast majority of our daily tools in medicine. Our general task is to rank-order new and existing tests so that we can make rational choices to reach a diagnosis and thereby improve patient outcomes by altering treatment (1) .
As a specific example, the diagnosis of Johnson et al.
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Therefore, we compared the diagnostic performance and repeatability of cFFR and resting physi- 
METHODS
We performed an investigator-initiated, prospective diagnostic accuracy study that enrolled a multicenter, international cohort of patients undergoing routine We excluded subjects with previous coronary bypass surgery, known severe cardiomyopathy (left ventricular ejection fraction <30%) or left ventricular hypertrophy (septal wall thickness >13 mm), contraindication to adenosine, or renal insufficiency such that an additional 12 to 20 ml of contrast would, in the opinion of the operator, pose an unwarranted risk. In cases of multivessel disease, only the first lesion studied using FFR was included. Culprit lesions for an acute infarction were excluded, but nonculprit lesions were permitted. Standard demographic, clinical, and catheterization parameters were collected for each subject.
PHYSIOLOGY PROTOCOL. Figure 2 provides a graphical example of the complete physiology protocol.
An initial period of at least 1 min provided a stable assessment of resting physiology without further contrast injection. Next, either a manual or injectorbased IC bolus of contrast medium was given per local practice for diagnostic angiography. To remain pragmatic and reflect real-world conditions, the volume and type of IC contrast medium were not mandated but varied among sites and even among subjects at a single site but with a strong recommendation for 6 to 10 ml. After w1 min when conditions Accuracy of any test must exist between 50% (equivalent to a coin flip) and 100% (the gold standard). By itself, the diagnostic angiogram has an accuracy of w65% (18) . Adding resting physiology increases the accuracy to w80% (5,10). However, hyperemia uniquely increases the accuracy, first to 85% using contrast injection and then to at least 95% using potent vasodilators like adenosine (2). 
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Contrast Hyperemia for FFR had returned to baseline, a second IC bolus of contrast medium was injected using the same technique as for the first injection.
Next, after the return of baseline conditions, a manual IC bolus of adenosine was administered.
Based on local practice and patient features, operators selected the dose of IC adenosine, but with a strong recommendation for 100 to 200 mg, given emerging data regarding its dose/response curve (9) . After w1 min when conditions had returned to baseline, a second, identical bolus of IC adenosine was given. Because HARVEST requires an electrocardiographic signal and applies its own quality criteria to the tracing, some additional recordings were rejected despite being accepted by the core lab itself. Our sample size of at least 750 subjects was prospectively chosen as follows. Based on simulation work from a previous study (5) , if contrast injection provides a conservative 20% of the hyperemia seen with adenosine, then w300 subjects would be
Contrast Hyperemia for FFR A P R I L 2 5 , 2 0 1 6 : 7 5 7 -6 7 necessary to detect the difference using a McNemar test. Given the 20% to 25% exclusions seen in recent physiology core labs (5,10), 300/(1 À 0.25) ¼ 400 subjects would be necessary. Thus, we selected at least 750 subjects, assuming that just less than 50%
would receive both IC and IV adenosine.
ROLE OF ACADEMIC AUTHORS AND INDUSTRY.
Our investigator-initiated study was supported 
RESULTS
A total of 763 subjects were enrolled from 12 centers. Among subjects with all 3 measurements, 9.4% had a Pd/Pa #0.8, 28.8% had either a Pd/Pa or cFFR #0.8, and 49.2% had FFR #0.8.
TEST/RETEST REPEATABILITY. Figure 3 The right panel of Figure 4 compares hybrid strategies, visually showing the greater freedom from adenosine when using cFFR compared with Pd/Pa and iFR, which were similar. A specific example at 96% accuracy can be seen in Figure 4 with further details in Table 2 for a range of potential accuracies.
As a physiological explanation for the superior All metrics demonstrate minimal average difference when measured twice, with a bias <0.01 essentially superimposed on the thin, dashed gray line of identity. However, hyperemic metrics of contrast FFR and FFR provide superior repeatability compared with resting metrics of Pd/Pa and iFR, as shown visually by the raw data (black dots, many of which are superimposed) and quantified by correlation coefficients (r from Pearson, ICC from intraclass correlation) and SD of the difference. ICC ¼ intraclass correlation coefficient; other abbreviations as in Figure 2 .
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Contrast Hyperemia for FFR A P R I L 2 5 , 2 0 1 6 : 7 5 7 -6 7 diagnostic performance of cFFR, Figure 5 Table 2 for values and gray zone ranges but using 2 decimal places for thresholds). AUC ¼ area under the curve; ROC ¼ receiver-operating characteristic; other abbreviations as in Figures 1 and 2 . cFFR ¼ contrast-based fractional flow reserve; FFR ¼ fractional flow reserve; iFFR ¼ instantaneous wave-free ratio; Pd/Pa ¼ resting ratio of distal coronary pressure to aortic pressure.
DISCUSSION
Our study clarified the continuum of vasodilator stress for IC pressure measurements as a fundamental physiological insight linking the magnitude of hyperemia to diagnostic accuracy ( Figure 1 ). We demonstrated 3 clinically important physiological properties of the hyperemic continuum. First, hyperemia improves repeatability, as shown in Figure 3 , such that resting measurements carry lower precision than those made using contrast or adenosine. Second, contrast hyperemia outperforms resting physiology for predicting FFR, as shown in Figure 4 and Table 2 . Johnson et al.
Contrast Hyperemia for FFR A P R I L 2 5 , 2 0 1 6 : 7 5 7 -6 7 after revascularization (8) . The 2 related continua thereby link the degree of hyperemia with subsequent risk, implying that strong vasodilators yield optimal and personalized selection for revascularization. As such, our study provides a fundamental physiological and mechanistic link between pharmacological stress and patient care.
COMPARISON WITH EXISTING LITERATURE. 
Contrast Hyperemia for FFR
